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ABSTRACT
Enhancing the user experience in mobile devices by taking advantage
of embedded sensors has become an increasingly popular research
field. In this thesis we explore different possibilities and investigate
limits of how magnetic sensors together with magnets can be ex-
ploited to create a new type of input device for current smartphones.
In particular, we use a small, yet varied in shape and strength, set
of magnets and an Android powered smartphone. We alter the mag-
netic field sensed by the magnetometer by moving a magnet close to
it in different ways, then we try to identify a recurring pattern and
associate it with a predefined action. We created an open-source An-
droid application to show the possible interactions on and around the
device; we also developed an Android third-party library to simplify
the adoption of this input method. Readings from the sensor were
filtered and displayed in a number of different and more convenient
ways. We conclude our work with a list of possible scenarios that
could benefit from this approach.
1 INTRODUCTION
In the last decade, Around Device Interaction (ADI) has become an
increasingly popular research field. Typically, mobile devices do not
have big screens, so the interaction is limited to their physical bound-
aries. ADI is about exploring different ways to interact with such
devices, using the larger empty space surrounding them. It allows
an expressive contactless interaction; there is no need to touch the de-
vice, making interaction from a short distance possible. Moreover, the
screen can be fully utilised allowing users to have a finger-occlusion-
free experience.
We focus on ADI applied to smartphones. Smartphones are cur-
rently the best-selling type of mobile devices, it is expected that their
number will surpass 2 billion in 2016 [8]. The number of new, differ-
ent, and more accurate sensors and features installed on these devices,
increases with every year that passes by. Sensors and features in a
smartphone have a specific purpose; for example, the camera is used
to take pictures, and the proximity sensor to lock the screen when
the device gets closer to the ear. Most of the ADI styles of interaction
make an unusual and clever use of such sensors and features in order
to create a set of recognisable gestures for controlling the device.
In this thesis we want to explore the use of permanent magnets to-
gether with smartphones’ integrated three-axis magnetic sensor (also
1
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Figure 1.1: Sensor growth in Samsung Galaxy S Series [1].
known as compass or magnetometer) in an ADI scenario. Various
types of inexpensive magnets are relatively easy to find; magnetome-
ters are being embedded in both expensive and cheap smartphones;
adding to the equation an expressive yet natural set of gestures, we
can create a low-budget ADI experience that everyone can benefit
with minimal effort. Using neodymium magnets and an Android
phone, we built an application that serves as a proof of concept for the
examined ways of interacting, together with a freely available third-
party Android library [9].
Considering the previous statements, this kind of approach to ADI
has the potential to become very popular in a very little time. Unfor-
tunately the idea is still a niche topic, and it does not exist a broad
literature about it. The information available is not always explained
thoroughly, thus discouraging possible programmers. We would like
to expand the literature about the topic in order to help program-
mers taking the first steps in the creation of magnetic-driven appli-
cations. Clearly understanding how the magnetic sensor readings
change when magnets modify the magnetic field around the device is
essential to easily take advantage of how this method of input can
2
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improve the user experience. Once all the basic aspects are fully
grasped, it is possible to combine different ways of interacting and
build a unique user experience.
This thesis is organized as follows: Chapter 2 gives background
information about magnetic fields, magnets, Android sensor frame-
work and magnetic sensors. Chapter 3 shows a brief survey on the
current state of the art in this field of research. Chapter 4 describes
the motivations behind the approach, the hardware used, the pros
and cons of magnetic driven input, the ways of interacting together
with their possible implementation, and some ideas of potential ap-
plications. In Chapter 5 we propose future works and improvements
for our system.
3
2 BACKGROUND
In this chapter we present the background information needed in or-
der to easily understand the current study conducted as well as the
previous works. The different sections are far from being exhaustive;
for each of them, the basic concepts of the relative topics are dis-
cussed, and then more details are given for the particular issues we
will address later. We begin by explaining magnets and their key role
in magnetic fields. Subsequently, we present a brief overview of the
magnetometers currently used in mobile devices. Finally, we focus on
how such sensors can be used on Android-powered devices.
Several articles and books have been published about the topics of
this chapter. The explanations of these topics are based mainly on the
following references: general information about magnetism [10], [11];
an explanation of how magnets work and their properties [12], [13];
why it is possible to approximate a magnet with a magnetic dipole
[14], [15]; different types of magnetometers and how they work [16],
[17], [18], [19], [20], [21], [22], [23]; the Android sensor framework
[24], [25], [26], [27], [28].
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2.1 Magnetism
Magnetism can be defined as the physical phenomena arising from
the force caused by magnets, objects that produce fields that attract
or repel other objects. People have been aware of magnets and mag-
netism for thousands of years. The name comes from a region of
Asia Minor called Magnesia, where the magnetic rocks where first
discovered. In the past, a successful practical usage of magnets was
their employment as navigational compasses, resulting in the names
of north and south being given to the two types of magnetic poles.
Today, magnetism plays many roles in our lives, from maglev trains
to magnetic resonance imaging, to disk drives, to loudspeakers.
2.1.1 Magnets
Magnets are objects that attract particular type of materials called
ferromagnetic, such as iron, nickel, and cobalt. They exist in dif-
ferent shapes and sizes. All magnets have two poles, named the
north magnetic pole and the south magnetic pole. If a magnet is
freely suspended, its north magnetic pole points to the actual North
Pole. Like poles repel and unlike poles attract with a certain strength
that depends on the specific magnets. Isolated north and south mag-
netic poles, called magnetic monopoles, have never been observed;
when a magnet is divided, each piece becomes a new magnet with
two magnetic poles. A magnet that retains its magnetic properties in
the absence of an external magnetic field is called a permanent mag-
net. A magnet that performs like a permanent magnet only within
a strong magnetic field is called temporary magnet; they lose their
magnetism when the field disappears. Neodymium magnets are the
5
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most widely used types of permanent magnets and the strongest ones
commercially available. They are often referred to as rare-earth mag-
nets because neodymium is one of the rare Earth elements on the
periodic table. These magnets are a first choice for many applications
as they offer the greatest performance with the smallest volume and
the cheapest price. Magnets are active, they require no batteries, and
thus they do not need to be recharged. Magnets are robust against
impact and liquid damage.
2.1.2 Magnetic field
Electric currents and magnetic materials create a magnetic field around
them. The field corresponds to the space where magnetic forces can
attract or repel other magnetic materials. These forces extend invis-
ibly over space, and could even pass through objects, such as fabric
and wood, with little effect upon strength. The magnetic field is a
vector field: at any given point, it is specified by both a direction and
a magnitude (or strength).
Figure 2.1: Iron filings tracing the magnetic field of a bar magnet [2].
We call magnetic field lines the visual representation of the vector
field. The direction of the magnetic field can be best described by
6
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arrows that come out of the north magnetic pole and go into the south
magnetic pole. The magnetic field is strongest at the poles, that is
where the magnetic field lines are most concentrated. The strength
of the field is proportional to the closeness of the lines. Magnetic
field lines can never cross, meaning that the field is unique at any
point in space. The magnetic field is traditionally called the B-field
and is measured in teslas. The B-field is defined in terms of force on
a moving charge in the Lorentz force law. The strongest permanent
magnets have fields near 2T.
Earth’s magnetic field
The Earth itself could be approximated as a big sphere with a bar
magnet inside of it. The magnetic field on its surface varies from 25
to 65 µT, and can be imagined as being generated by a giant dipole
magnet located at the centre of the Earth. At any point and time,
the Earth’s magnetic field is characterized by a direction and inten-
sity, which can be measured. Often the parameters measured are the
magnetic declination, the horizontal intensity, and the vertical inten-
sity. From these elements, all other parameters of the magnetic field
can be computed.
N
S
Figure 2.2: Schematic dipole field around the Earth [3].
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2.1.3 Magnetic field of a magnetic dipole
The magnetic field of a generic permanent magnet can be quite com-
plicated to depict, especially close to the magnet itself. The equations
describing the B-field in a point are non-trivial and depend both on
the distance of the point from the magnet and the orientation of the
magnet. The dipole approximation for magnetic fields has become a
common simplifying assumption in magnetic-manipulation research
when dealing with permanent magnets because the approximation
provides convenient analytical properties that are a good fit at rea-
sonable distance. The equation of the external magnetic field of a
magnetic dipole at a reasonable distance is:
B(r) =
µ0
4pi
(
3r(m · r)
r5
− m
r3
)
(2.1)
where
• B is the magnetic field vector
• r is the vector from the position of the dipole to the position
where the field is being measured
• µ0 is the vacuum permeability, a constant value
• m is the dipole moment, a vector that characterizes the mag-
net’s overall magnetic properties. If a magnet is placed in an
external magnetic field, it will experience a torque. The mag-
nitude of the torque depends on the orientation of the magnet
with respect to the magnetic field. The magnitude of the mag-
netic moment is defined as the maximum torque experienced by
the magnet when placed in an external magnetic field. The di-
rection of the magnetic moment points from the south to north
pole of a magnet.
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Given the equation 2.1, to compute the magnetic field vector in
a point, we need to know the distance between that point and the
source of the magnetic field as well as the strength and direction of
the magnetic moment. Notice that the value of the magnetic field
decays with distance because the denominator increases much faster
than the distance does.
2.2 Magnetic sensors
A magnetic sensor, known also as compass sensor or magnetometer,
is a device capable of measuring the strength and/or direction of the
magnetic field surrounding it. Versions exist in two-axis and three-
axis forms which have separate magnetic field sensors oriented along
x, y and/or z. A magnetometer that measures just the strength or
the direction is called scalar magnetometer, while one that measures
both is called vector magnetometer. Initially, these kind of sensors
have been used primarily for navigation purposes. Nowadays they
are heavily used in different fields, from aerospace to military to en-
gineering to automotive. Thanks to advances in microelectromechan-
ical system (MEMS) technology as well as silicon integrated circuits
(IC) processing, magnetometers reached a dimension that made pos-
sible to incorporate them in IC at a very low cost. Magnetic sensors
found in mobile phones help finding the orientation of the phone in
relation to the Earth’s magnetic field. As a result, a smartphone has
access to the information on which way is North, so it can auto rotate
digital maps depending on its physical orientation. Several magnetic
sensing approaches are being used by a number of companies for
consumer mobile phones. There are essentially four methods: Hall
effect, giant magnetoresistance (GMR), magnetic tunneling junction
9
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(MTJ) sensing, and anisotropic magnetoresistance (AMR).
2.2.1 Hall effect
A Hall effect sensor is a transducer that varies its output voltage in
response to a magnetic field. The sensor detects a voltage across a thin
sheet of semiconducting material, called Hall element, through which
a continuous current is passed. When no magnetic field is present,
the current distribution is uniform and no potential difference is seen
across the output. When a perpendicular magnetic field is present,
a Lorentz force deflects the charge carriers to either side of the Hall
element. This force disturbs the current distribution, resulting in a
potential difference across the output. The detected voltage is referred
to as the Hall voltage. The voltage output is very small (µV) and
requires additional electronics to achieve useful voltage levels. Hall
effect magnetometers are the commonest type of magnetic sensors
installed on mobile devices.
Figure 2.3: The Hall Effect principle [4].
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2.2.2 Giant magnetoresistance
Magnetoresistance is the change in the electrical resistivity of a ma-
terial under the influence of an external magnetic field. The term
giant seems incongruous for a nanotechnology device but it refers to
a large change in resistance when a sensor using this method is sub-
jected to a magnetic field. GMR is a quantum mechanical magnetore-
sistance effect observed in thin-film structures composed of alternat-
ing ferromagnetic and conductive non-magnetic layers. It utilises the
quantum nature of electrons that have two spin states, up and down.
Conducting electrons with spin direction parallel to the sensor film’s
magnetic orientation move easily and thus produce low electrical re-
sistance. The effect is observed as a significant change in the elec-
trical resistance depending on whether the magnetization of adjacent
ferromagnetic layers are in a parallel or antiparallel alignment. The
overall resistance is relatively low for parallel alignment and relatively
high for antiparallel alignment. The magnetization direction can be
controlled by applying an external magnetic field. GMR magnetome-
ter sensors exhibit high sensitivity levels, produce large signals, are
highly temperature-stable, and are physically small in size.
2.2.3 Magnetic tunneling junction sensing
MTJ structure consists of two ferromagnetic layers separated by an
ultra-thin insulator layer (typically a few nanometres). The current
flows vertically through these layers; the electrons in a ferromag-
netic layer pass through the insulator by quantum-mechanical effect
and are injected to the other ferromagnetic layer by the tunneling ef-
fect. The tunneling current is controlled by the relative orientation
11
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of the magnetizations of the ferromagnetic films, which can be can
be switched individually by an external magnetic field. When the
directions of the magnetizations of the two ferromagnetic films are
the same, the possibility of electron tunneling between the two ferro-
magnetic layers through the insulator layer becomes larger, resulting
in larger tunneling current. The possibility is minimised if the direc-
tions of the magnetizations of the two ferromagnetic layers are op-
posite, then the tunneling electron current become smaller compared
to the case for the same directions of the magnetizations. Essentially,
the MTJ acts as a resistor, which is dependent upon the magnetic
field. The MTJ method can produce a large signal with high sensitiv-
ity and low noise. But MTJ-based devices have a narrow bandwidth
(±1000µT), consume too much power, and are priced too high for
most mobile devices.
Figure 2.4: Schematic view of a magnetic tunnel junction [5].
2.2.4 Anisotropic magnetoresistance
AMR is a relatively new approach. It makes use of a common ma-
terial, permalloy, to act as a magnetometer. Permalloy is an alloy
containing roughly 80% nickel and 20% iron. AMR sensors are made
12
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of permalloy material in a thin film layer shape, deposited on a sil-
icon wafer and patterned as a resistive strip. The alloy’s resistance
depends on the angle between the metallization and the direction of
current flow. In a magnetic field, magnetization rotates toward the
direction of the magnetic field and the rotation angle depends on the
external field’s magnitude. Permalloy’s resistance decreases as the
direction of magnetization rotates away from the direction in which
current flows, and is lowest when the magnetization is perpendicular
to the direction of current flow. AMR magnetometers have a sim-
ple fabrication process regarding the number of layers and materials
used. Compared to other magnetometers, AMR sensors are also the
most stable magnetoresistance sensor in term of bias and sensitivity.
2.3 Android sensor framework
Android-powered smartphones provide more than just the ability to
send and receive communication in various forms. Starting with An-
droid 1.5 (API level 3), a standard set of sensors are available. These
sensors are capable of providing data with high precision and accu-
racy. A raw sensor is an actual physical component inside the An-
droid device and its direct measured value is called a raw measure-
ment. Some sensors may manipulate the readings before reporting
them or combine the raw data of multiple raw sensors to show a more
complex measurement; these are called synthetic sensors. Regardless
of the sensor type, the programmer accesses any type of sensor in the
same way using the sensor API.
The Android platform supports three broad categories of sensors:
13
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• Motion sensors
These sensors measure acceleration forces and rotational forces
along three axes. This category includes accelerometers, gravity
sensors, gyroscopes, and rotational vector sensors.
• Environmental sensors
These sensors measure various environmental parameters, such
as ambient air temperature and pressure, illumination, and hu-
midity. This category includes barometers, photometers, and
thermometers.
• Position sensors
These sensors measure the physical position of a device. This
category includes orientation sensors and magnetometers.
Not all types of sensors are available on every Android device.
Most of the sensors provide continuous data reporting values in a
predefined range. Saturation occurs when a sensor attempts to sense
an input greater than its maximum measurable value.
2.3.1 Accessing a sensor
To access a sensor, Android provides a convenient system service
called the SensorManager. It allows applications to request infor-
mation about available sensors, register a listener to receive data from
sensors, and unregister it when the information is not needed any
more. When registered, the data received from the sensor are sent
to a SensorEventListener in the form of a SensorEvent that
contains information produced from a given Sensor. The following
code shows the core steps to access a sensor and acquire data from it.
14
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Listing 2.1: How to access and get data from a sensor
// Get an instance of SensorManger
SensorManager sensorManager =
(SensorManager)getSystemService(context.SENSOR_SERVICE);
//Specify the particular sensor you
// want to receive data from
Sensor magneticSensor =
sensorManager.getDefaultSensor(
Sensor.TYPE_MAGNETIC_FIELD);
...
// Implement the SensorEventListener interface
SensorEventListener magneticSensorListener =
new SensorEventListener()
{
// Do something if the accuracy changes
public void onAccuracyChanged(
Sensor sensor, int accuracy){}
// Deal with sensor value changes
public void onSensorChanged(SensorEvent sensorEvent){}
};
// Specify the listener, the sensor and
// the delay rate for the listener
sensorManager.registerListener(magneticSensorListener,
magneticSensor, SensorManager.SENSOR_DELAY_GAME);
...
// Unregister the listener when the
// information is not needed
sensorManager.unregisterListener(magneticSensorListener);
The Sensor class is used to create an instance of a specific sen-
sor. It provides various methods to determine the capabilities of a
sensor. The information contained in a SensorEvent object are: the
15
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raw sensor data, the type of sensor that generated the event, the ac-
curacy of the data, and the timestamp for the event. When you reg-
ister a listener, you specify the delay or measurement rate for that
listener. This rate can be a user specified delay between events or one
of the Android defined constants; SENSOR DELAY NORMAL, SENSOR
DELAY UI, SENSOR DELAY GAME, and SENSOR DELAY FASTEST. The
chosen delay is a value in units of milliseconds, and is only a sug-
gested delay. The Android system and other applications can alter
it. You should choose the slowest sampling rate that still meets the
needs of your application. The object of the class implementing the
SensorEventListener interface receives notifications either when
the sensor data or the sensor accuracy change. As a best practice you
should unregister the listener when values from the sensor are not
needed, this will disable the associated sensor; it is extremely impor-
tant to do so, otherwise the device will continue to use resources and
drain power. The system does not take care of disabling sensors on
its own under any circumstances, e.g. when the screen is turned off
or the application is closed.
When publishing an application on Google Play, in order to exclude
the devices that do not have the appropriate sensor configuration, the
following line has to be added to the manifest file: <uses-feature
android:name=’android.hardware.sensor.compass’ andro
id:required=’true’/>. The android:required descriptor has
to be set to true only if the application relies entirely on the specified
sensor. The android:name descriptor specify the sensor used in the
application.
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2.3.2 Accuracy and precision
In most applications, a particular level of accuracy can play a key
role in its success. For example, there are plenty of compass apps
on Google Play but most of them have a high number of negative re-
views; this happens because the magnetic sensor’s accuracy may vary
frequently depending on the external magnetic field and the type of
objects the smartphone was/is in contact with. Developers should
always take accuracy into account when dealing with sensors, and
do something to improve the situation when it changes. Accuracy
is often confused with precision, and frequently they are used inter-
changeably.
Accuracy specifies how close a particular measurement is to the
correct value. For instance, how close is the reading of a thermometer
to the actual temperature? To express the level of accuracy, we need
the value the sensor is trying to measure, and the measured value that
the sensor reports; when these two values are close to each another,
the level of accuracy is high.
Precision is the consistency of repeated measurements. If we mea-
sure the same temperature multiple times, we would like the values
to be more tightly clustered around a particular value. The more con-
sistent the results, the more precise the values I get from the sensor.
Values gathered form a sensor can be:
• (a) Precise but not accurate - Values are clustered around a
wrong value, one that does not represent the value the sensor is
trying to measure.
• (b) Accurate but not precise - Values are close to the value the
sensor is trying to measure but not close to one another.
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• (c) Neither accurate nor precise - Values are neither close to one
another nor close to the value the sensor is trying to measure.
• (d) Both accurate and precise - Values are both close to one an-
other and close to the value the sensor is trying to measure.
Obviously, this is the situation where we have the best measure-
ments.
Figure 2.5: Target practice analogy: difference between accuracy and preci-
sion.
A best practice in Android is not to leave the method onAccuracy
Changed() empty when implementing the SensorEventListener
interface. This method is called whenever a change in accuracy with
the sensor occurs; if your application needs a high accuracy, it es-
sential to warn the user and/or pause the running activity until the
accuracy returns to the value required by the application. Accu-
racy is represented by one of four status constants: SENSOR STAT
US ACCURACY LOW, SENSOR STATUS ACCURACY MEDIUM, SENSOR S
TATUS ACCURACY HIGH, or SENSOR STATUS UNRELIABLE. An un-
reliable accuracy does not mean the sensor is broken. For example,
the magnetometer reports an unreliable status if it needs calibration.
2.3.3 Sensor coordinate system
When using orientation and movement sensors in Android, two co-
ordinate systems are defined: the global coordinate system, and a
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device coordinate system.
The global coordinate system is the one where the x-axis is tangen-
tial to the ground at the device’s current location and roughly points
East; the y-axis is tangential to the ground at the device’s current loca-
tion and points towards magnetic north; the z-axis points towards the
sky and is perpendicular to the ground. All sensors and methods that
refer to an absolute orientation with respect to Earth use the global
coordinate system.
(a) Global. (b) Device.
Figure 2.6: Coordinate systems used by the Android sensor framework.
Raw three-axis inertial sensors (accelerometer, magnetometer, and
gyroscope) report values corresponding to the device coordinate sys-
tem. The device coordinate system is defined relative to the device’s
screen when the device is held in its default orientation (either por-
trait or landscape). The x-axis is horizontal and points to the right, the
y-axis is vertical and points up, and the z-axis points toward the out-
side of the screen face. In this system, coordinates behind the screen
have negative z-values. There are three golden rules that, if followed,
should avoid any problem when dealing with coordinate systems:
• The sensor coordinate system used by the API for the natural
orientation of the device does not change as the device moves.
The axes are not swapped when the device’s screen orientation
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changes.
• Applications must not assume that the natural orientation is
portrait. That’s not true on all devices.
• Applications that match sensor data to on-screen display must
always use android.view.Display.getRotation() to map
sensor coordinates to screen coordinates - even if their manifest
specifies portrait-only display.
2.3.4 Android magnetic sensor
A magnetic sensor is actually three different sensors, one for each
axis of the device coordinate system. It measures the strength of
the Earth’s magnetic field in micro-Tesla (µT) along the x, y, and z
axes. When you have a SensorEvent object, you can get the strength
along the axes by accessing
• sensorEventObject.values[0]
Earth magnetic field strength along the x-axis
• sensorEventObject.values[1]
Earth magnetic field strength along the y-axis
• sensorEventObject.values[2]
Earth magnetic field strength along the z-axis
The values returned are quite jumpy and may seem less accurate
than other sensors. This is because creating a low-noise, sensitive,
accurate, inexpensive MEMS magnetic field sensor is still an open
problem. Sometimes when interrogating the compass, there may be
some large offset in the data of successive readings even though the
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smartphone did not move. This usually happens if the accuracy is
close to become unreliable; to have better readings you should cali-
brate your phone by tilting it forward and back, then moving it side
to side, and finally tilting it left and right. You may need to repeat the
steps until the compass is calibrated.
The magnetic field sensor is often located near the top of a smart-
phone. The sensor can be found by moving a weak magnet over the
device and watching the changes of the sensor readings; when the
values are at the highest, that is where the compass is located. The
sensor may report different values before the introduction of a nearby
metal object or magnet compared with after it is removed (an effect
known as hysteresis - where the sensor reading depends on the his-
tory of the sensor’s environment and not always the real value you
wish to measure).
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In this chapter we present a brief survey of the state of the art in ADI
using magnets. Different works have been proposed, each of them
with a particular goal and hardware setup. What they all have in
common is the use of magnets together with magnetic sensors, not
necessarily embedded in a mobile device.
To start, we present solutions that use magnetometers installed on
bracelets. Subsequently we discuss different studies that analyse in
detail how the magnetic field is affected by magnets and the limits of
magnetometers in finding the position of a magnet. Finally we focus
on ADI specifically for smartphones, with a particular attention to the
different applications created.
3.1 Abracadabra
Abracadabra is one the first attempts to use a magnet as device in-
put [29]. Advances in small and low power electronics allowed ex-
tremely powerful computing capabilities to be packaged in smaller
and smaller devices. The smaller a device gets, the smaller the sur-
face area needed to support user I/O gets. Different solutions are
discussed, each one with different drawbacks. For example, using a
camera for gesture recognitions could lead to occlusion from finger-
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Figure 3.1: Abracadabra prototype platform.
s/hands while voice control needs to be robust even in noisy environ-
ments. Abracadabra attempts to solve some of these problems while
focusing on how to best interact whit small devices using magnets.
The prototype platform consists of a NHJ VTV-101 TV wristwatch
and a Honeywell HMC1052L Dual Axis Magnetic Sensor (a solid-
state integrated circuit that provides angular accuracy of around±2◦).
The final component of the system is a magnet placed on the finger:
a threegram, N52 grade, disk-shaped, neodymium magnet, with an
effective range of about 10cm. The interaction between the magnet
and the magnetometer can work only if the strength of the magnet is
strong enough to override the Earth’s magnetic field.
The interaction with the device takes place close to the magnetome-
ter, so screen occlusion is greatly reduced, as the fingers do not need
to operate on the display surface. Upper quadrants, however, can still
be occluded by the pointing hand, and require consideration when
designing user interfaces.
Two different types of input are supported. The first is one dimen-
sional polar input around the device; information from the sensor’s
two axes is used to calculate a bearing to the user’s finger. Unsurpris-
ingly - as this is what the sensor was primarily designed for - accuracy
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is exceptional. It is also possible to use the finger as a cursor if the
field strength is taken into account; the software must compensate
for the field drop-off at greater distances. The second one is a binary
click; when the user move their finger with the attached magnet from
above to below the sensor, this is seen as a near instantaneous jump
of 180◦, which is interpreted as a click. In order to have a second
click, the user has to place the finger in its original position, above the
sensor, and then moving it again below the sensor.
Some example application proposed are: virtual controls for a me-
dia player, with a sliced pie style menu where each slice is a different
option, e.g. play, stop, forward; a file explorer, where the polar input
is used to scroll the list of files and the binary click is used to select a
file.
3.2 Nenya
Nenya is an input device in the shape of a finger ring. It is a strong
permanent magnet, with the magnetic poles located on opposite sides
of the ring, that allows analog input [30]. An important aspect of the
magnetic ring is that it can be operated eyes-free; tactile landmarks
on the ring allow users to spin the device from the same initial spot
the same final spot, every time they want to access the function asso-
ciated with that particular spin movement.
Nenya works in pair wit the Nokia-developed wrist-worn wireless
tracking base bracelet, which includes a HMC5843 three-axis mag-
netometer sampled at 25Hz. The magnetometer is used to track the
ring’s position via magnetism. A Bluetooth radio allows the bracelet
to transmit ring input to the user’s mobile device.
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Figure 3.2: Spinning the ring let users choose the action to perform.
When the user spins or slides the ring, the magnetometer senses the
change in the magnetic field. To determine the angle relative to the
finger at which the ring is being moved, the software ignores motion
along the finger’s length and only considers the two axes perpendic-
ular to the finger. A binary click is obtained by sliding the ring far
away from the bracelet; once the magnetic field strength falls under a
predefined threshold, the software interprets it as a click.
While users obtain best control manipulating the ring using their
opposing hand, Nenya supports even more subtle one-handed use.
Two user studies are presented (one- and two-handed) in which sighted
and eyes-free use are studied, finding that even with no visual feed-
back users were able to select from eight targets.
Nenya is already present on the hand, making it always immedi-
ately available and fast to access. Unfortunately, the bracelet has to
be worn all the time; also the system is currently susceptible to false
positives when the user is in motion.
3.3 Wearable handwriting input device
The handwriting input device consists of a permanent magnet mounted
on fingertip, two magnetic sensors and their peripheral circuits at-
tached on the wrist of the other hand, an A/D converter which con-
verts output voltage signal into digital one, and a PC to calculate the
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position of the magnet [31]. The finger of one hand acts like pen,
while the palm of the hand with the magnetometers on the wrist acts
like a sheet of paper. The magnetic sensors have a high sensitiveness
and detect the field strength generated by magnet continuously with
great precision. The position of the magnet is obtained by combining
the readings coming from both sensors.
Figure 3.3: Prototype handwriting device.
It is assumed that the magnet and the magnetic sensors exist in the
same plane. It is also assumed that the magnetic axis of the magnet,
i.e. the axis that connects the south and the north magnetic poles, is
parallel to the x-axis of the sensor coordinate system. The described
layout will not change during inputting, this means that it is not possi-
ble to freely rotate the magnet. Geomagnetic cancellation is achieved
by having one of the sensors working in difference mode. Following
the theory of magnetism, equations to compute the position of the
magnet are obtained. During calculations, the magnet is assumed as
a magnetic dipole, and magnetic sensors are assumed as points. Since
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the obtained equations are hard to solve directly, numeric methods are
used to solve the problem.
The hardware setup consists of a neodymium permanent magnet
mounted on the fingertip, and two two-axis magnetoresistive sensors
(Honeywell HMC1022; range: ±6◦ gauss; resolution:85 µgauss; band-
width: 5MHz). The magnetic sensor used to cancel the influence of
the geomagnetic field is positioned at a distance of 50mm along the
y-axis from the other sensor.
3.4 uTrack
uTrack is a pointing technique that enables 3D interactions for wear-
able devices [32]; it turns the user’s thumb and finger into an input
device using magnetic field sensing. uTrack is conceptually similar to
the previously described work of Section 3.3; however, they derived a
completely new algorithm to remove the fixed orientation limitation
of the magnet and extended the sensing capability. Using one per-
manent magnet and two magnetometers, they were able to track the
magnetic x/y/z position plus an axis of rotation.
The paper is the result of an extensive research on the relation be-
tween the movement of a magnet and the values gathered from one
magnetometer. In a 2D plane, the position of a magnet can be ob-
tained only if the magnet and the magnetic sensor exist in the same
plane, which is the fundamental constraint in 3.3, that requires the
depth and orientation of the magnet to be held constant, and hence
enables only 2D tracking. They derived equations describing the
movement of a magnet in a 3D space, and as expected the solution
space is ambiguous: for a given value of the magnetic field there a
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multitude of valid solutions to the equations. Thus, a single sensor is
not sufficient to uniquely locate the magnet’s 3D position. The ambi-
guity can be resolved by adding a second sensor to the system with
a known fixed position relative to the first sensor. In particular, they
align both sensors so that their axes remain parallel. Using this infor-
mation they were able to find a set of equations that can univocally
find a magnet position in a 3D space, having only the values of the
magnetic field strength available.
The system requires a pair of MEMs magnetometers that could be
worn on a finger like a ring. The permanent magnet is attached to
the back of the thumb. This configuration allows the user to move the
thumb around the other fingers to provide a continuous 3D input.
This is not the only possible configuration, other geometries are also
possible with this system.
Figure 3.4: Standard configuration of the uTrack platform.
3.5 MagiTact
MagiTact [33] is a series of papers [34] based on a technique that uses
mobile devices’ magnetic sensor for creating an ADI experience. A
permanent magnet is used for interaction and a set of gestures are
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created based on its movement in the space around the device, along
different 3D trajectories. The gestures studied are mainly based on
the movement of the magnet at different positions and different di-
rections with different periodicities.
In order to understand when a gesture starts or ends, the authors
compared the Euclidian norm of the magnetic field strength against
a pre-defined threshold. Following the theory of gesture processing,
the first phase is feature extraction; it allows preserving information
which can be discriminative between gestures and removes redun-
dant information. The features used are mainly based on average or
variance of magnetic field strength in different directions, as well as
piecewise correlation between field strength in different directions.
The second phase is gesture classification; the features are used as
input to machine learning algorithms. They used two different classi-
fiers: Multi-Layer Perceptron, and Binary Decision Tree.
Figure 3.5: Set of gestures recognised by the machine learning algorithm.
A demo application was created for the iPhone 3GS called Magi-
Tact with different activities. For example, users can turn pages in
a document left or right, slide images with an up-down movement,
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zoom in and out a map, and rejecting/accepting a call. They also
set up gesture recognition experiments in order to evaluate the in-
teraction method; it shown that even using a smaller feature set and
a very simple classifier, reasonably high classification results can be
obtained.
MagiWrite
The proposed work explores a technique for text entry which can
overcome limits of existing touch pad and touch screen input utili-
ties. The basic idea is to draw gestures similar in shape to digits in
the space around the device. It can be especially useful for small mo-
bile devices which size limits the use of touch screens. Movement of
the magnet in a shape similar to digits changes temporal pattern of
magnetic field around the device. The magnetic field changes over
a period of time are sensed and registered to be used as templates.
When a digit is drawn in the space around the device, it is matched
against available templates for different digits. The templates are up-
dated every time a correct digit is entered, this allows learning the
handwriting of a person. Only one character at time can be recog-
nised. A Dynamic Time Warping technique has been used to evaluate
the match between the template and the magnetic signals captured.
MagiSign
Using the same approach as the original work they provided a new
way to implement user identification/authentication. The user draws
an arbitrary 3D signature using a magnet in the 3D space around
the device. For identification/verification, temporal pattern of a the
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signature is compared against a pre-registered magnetic signature,
already stored by the user. The 3D magnetic signature provides a
wide choice for authentication as it can be flexibly drawn in 3D, and
can be consequently very difficult to replicate. Additionally, unlike
regular signature, no hardcopy of the magnetic signature can be easily
produced, resulting in higher security.
MagiMusic
Using traditional instruments involves the harmonic motion of hands,
which produce different sounds according to the instrument type and
shape. This work establish a mapping between those motions and the
movement of a magnet positioned on a finger. Several audio charac-
teristics, such as frequency, equalization, and filtering, can be altered
based on changes in magnetic field caused by the magnetic gestures.
Position, movement, shape, and orientation of the magnet can be used
as an input modality to alter parameters of the music being played.
There are two different types of input: sustained and impulsive.
Impulsive is obtained using direct sensor values in x-, y-, z-axis at
particular moments in time, these values are mapped to different
sound parameters. Sustained is realised using a sequence of sen-
sor values, which shapes a 3D gesture pattern; this pattern can be
matched against a model to realize their corresponding gesture class
as suggested in Section 3.5. Different instruments are then created by
choosing appropriate values for the impulsive input and appropriate
models for the sustained input.
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3.6 MagGetz
The goal of this research is to show how magnetically driven tan-
gible controllers on conventional mobile devices can be successfully
integrated in everyday life [35]; it is a patent pending work. They
introduced a broad set of tangible control widgets that work together
with a common magnetic sensor embedded in smartphones; using
the magnetic field strength along x-, y-, and z-axis. The important as-
pect is that the widgets are tangible, in contrast to the virtual ones on
screens we are familiar with. They want to provide users with richer
tactile clues, higher input expressiveness, and a wider interaction area
without the need for hardware modifications.
In order to track the physical movement of control widgets, a neo
dymium magnet is attached on the appropriate position of each wid-
get, i.e. the one that creates the most changes in the magnetic field
strength when moved. Three types of MagGetz based on the different
magnetic movement were implemented. A linear type that could rep-
resent a slider or a push button. A curve type useful for implementing
rotational wheels, like volume knobs. A two-dimensional plane, con-
venient when describing a circular movement, as the one of old digital
joysticks. These controls act as input blocks that can be combined to
create a custom control environment. The hardware setup consists
of a Samsung Galaxy Note SHV-E160S and a set of permanent disc
magnets of different strength. A general toolkit on Android 4.0.4 was
developed as well as a visualiser using OpenGL library. In order to
mitigate the sampling noise they used a fixed size buffer, this process
generates a 3D vector that reflects the variations of the magnetic field
around the mobile device.
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Figure 3.6: Some tangible controllers recognised by the MagGetz software.
Depending on the widgets type and how they can be moved, differ-
ent magnetic values are detected. MagGetz compares this values with
the reference magnetic values stored in the calibration procedure to
determine the state of a widget.
In the case of linear type, the system stores two end-points (e.g.,
when a button is fully pressed and released) rather than all points at
a regular interval distance. It then infers the state of the widget by
using a ratio for the distances between the current point and the two
end-points.
In the case of the curved type, the system captures and stores ref-
erence points at a regular interval distance. Later, it infers the state of
the wheel by finding the nearest one among all the points stored, and
then considering it as the state of the wheel.
For the 2D plane type, the system stores a center point (e.g., the
default state of a joystick), four right-angled directional points (e.g.,
east, west, south, and north), and other directional points (e.g., the arc
between east and north) at a regular interval as reference points . The
system infers the state of the joystick by finding a vector closest to a
new point among the vectors between a center point and directional
reference points.
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Besides the inference of a single widget, the system can track a lim-
ited set of multiple widgets simultaneously. It stores magnetic traces
point when all widgets are deactivated and points when each widget
is activated. By using the Gauss elimination method [36], the system
can infer the states of each widget simultaneously.
MagCubes
MagCubes are tangible widgets for children that work both on and
around mobile devices [37]. Using the theory of the previous work,
they created different children-friendly applications that use tangible
controls. The first application is a board game with a magnetic dice.
With this application, users can input numbers by placing the dice
in the specific area after throwing it. The second application is a
simple drawer with a color picker cube. The third application is a
math learning game with five different sizes of cubes; when two or
more different cubes are stacked together, the sum of their numbers
is displayed on the screen.
Figure 3.7: Cubes are stackable to make larger numbers.
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3.7 Magnetic appcessories
Extending similar previous works like 3.6, this paper explores how
magnets can be employed as tangible interfaces. It focuses on ex-
ploring objects that can be meaningfully manipulated (e.g. moved,
flipped, turned) and placed either on or alongside the mobile device
screen. These objects are called magnetic appcessories [38]. The ul-
timate goal of this work is to introduce a reliable, expressive sensing
technique to rapidly and cheaply prototype mobile tangible applica-
tions. Eight interaction techniques were created based on inferring
the size, orientation, position and movement of a magnet from read-
ings of the strength and direction of its magnetic field. Some of them
are:
• Identification - magnets of different intensities can be discrimi-
nated simply by measuring field strength. A limitation of this
approach is that only few tokens can be simultaneously discrim-
inated, as magnetometers rely on a single cumulative value for
magnetic strength. Moreover, as field strength decays with dis-
tance, tokens cannot be identified if positioned outside a prede-
fined area.
• Orientation - the direction of a magnetic field can be used to de-
tect object orientation. For instance, with a coin-shaped magnet
it is trivial to identify heads or tails.
• Position - the strength of the same magnet in different position
is sensed in different ways by the magnetometer because the
magnetic fields decay with distance; these positions were high-
lighted on the screen, and placing the token over each of them
resulted in different graphical feedback.
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• Continuous spinning - three-axial variations in sensed magnetic
field strength can be used to dynamically track the relative mo-
tion and rotation of magnets. A pair of magnets embedded on
opposite sides of a cylinder can be used to infer relative rotation.
• Device orientation - it can be achieved by placing a magnet on
a fixed structure with a pivot. By attaching the mobile device to
the pivot, it can be freely spun and the variations this causes in
the magnetic field easily detected.
Figure 3.8: The magnetic appcessories supporting the various interactions.
MagPen
Building on the previous paper, the same author in collaboration with
the author of 3.6 created MagPen [39]. MagPen is a capacitive pen
augmented with a magnet that allows ADI interaction. It is made
from a plastic cylinder physically connected to two conductive rub-
ber tips at the pen’s extremes. When one of these tips is in contact
with the capacitive screen, the capacitance of the user’s hand holding
the pen is conducted to these tips and it is possible to determine the
pen’s location on the screen.
MagPen comes in three different forms: basic, identifiable, and
pressure sensitive type. For the basic pen, a single coin-shaped per-
manent magnet is embedded in the center of the pen, with the mag-
net facing parallel to the screen. It is possible to identify each time
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the user switch the pen to opposite side by looking at the sign of
the magnetic field. The identifiable pens have magnets with differ-
ent magnetic properties (intensity and position) embedded in them;
the user can identify a pen by looking at the color of a rubbing band
put on all of them. The different magnetic properties can be mapped
to some desired properties of the pen, such as thickness or colour.
Finally, the pressure-sensitive pen is similar to the basic but adapts
its length depending on the pressure being applied to the tip. When
pressure is applied, the magnet gets closer to the screen, resulting in
a change of the current pen’s settings.
Figure 3.9: Five magnetically driven input techniques for pen interaction: a)
detecting pen orientation, b) making a dragging motion along
the device frame, c) determining pen-spinning gestures, d) esti-
mating the pressure applied to the pen, and e) identifying.
3.8 MagnID
The goal of the MagnID system [40] is supporting detection of rela-
tively unconstrained movements of multiple objects in the area around
a single standard magnetometer. It innovates over prior work by sup-
porting tracking multiple magnetic tokens simultaneously, in loca-
tions both on and around a device and via data recorded from a single
magnetometer.
MagnID is composed of a set of eight custom tokens, a standard
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Figure 3.10: MagnID tokens work by spinning a magnet with a motor (A). A
magnetometer senses changes of polarity as a continuous wave
with a specific frequency (B, C).
sensor and a software recognition system. Each token spins a mag-
net around the axis perpendicular to its magnetic flux at a carefully
selected unique frequency. By doing so, the tokens systematically
flip the polarity of their magnetic fields in sinusoidal temporal pat-
terns. The three-axial magnetometer detects the cumulative magnetic
field generated by multiple tokens on each of its three sensor axis.
The software system applies a series of bandpass filters to this data to
recover signals from the individual tokens. This way is possible to de-
termine the presence or absence of the different tokens. Furthermore,
by extracting the power within each frequency band, it is also possi-
ble to infer the distance between each token and the sensor on each
axis. Using this distance data, they determine the spatial position of
each token with respect to a set of previously calibrated locations, or
linearly interpolate token position between two previously calibrated
points to get a more fine-grained measurement.
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In this chapter, we discuss the motivations behind the decision of us-
ing magnetic sensors together with magnets. We outline the generic
hardware needed, and the particular one used for the proof of con-
cept. We explain how to improve the magnetic field readings obtained
by the sensor, and what are the limitations of our approach. The ways
of interacting are fully described together with some possible imple-
mentations. We conclude the chapter by presenting some applications
that can deliver a better and more engaging user experience by using
the magnetometer as input.
4.1 Motivations
There are several scenarios in which it would be useful to interact
with a smartphone, nevertheless users may find it not advisable, un-
comfortable or even impossible. Imagine using an underwater case:
pushing the home or volume buttons, and using the touch screen are
not very straightforward tasks. During winter, interacting with your
phone while wearing common gloves is not possible because the ma-
terial they are usually made of is not conductive. When watching
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a YouTube video in full screen mode, in order to like it, add it to a
playlist or change the settings you need to stop it, perform the ac-
tion and play it again. In a meeting when the smartphone is ringing,
you would like to reject the call as fast as possible without the phone
being necessary in line of sight. When playing games on a mobile
device, tangible interfaces would definitely improve the user experi-
ence. We would like to find a way to quickly and easily overcome
these obstacles.
A number of approaches have been developed to solve these kind
of problems. Around Device Interaction (ADI) is what the differ-
ent approaches have in common; using the space around the device
together with the sensors available on smartphones in a clever way,
with the aim of improving the user experience. We focus on the use
of three-axis magnetic sensors, because we can easily overcome some
of the drawbacks of different ADI styles.
Starting from Samsung Galaxy S4, Samsung introduced a feature
called AirView [41]. It detects around-device gestures within the
phone’s camera field of view. Simply hover a finger over certain
on-screen-items to simulate a tap or slide gesture, without having
to touch the display. This approach uses the camera, so it requires
a constant ambient light in order to recognise gestures, thus it is not
possible to use AirView-like ADI when the smartphone is in a dark or
a poorly lit environment. When users hover their finger over the item
they want to interact with, they occlude the screen device with the rest
of the hand, making difficult to look at the screen itself. Magnetic sen-
sors can sense magnetic fields regardless of the ambient light, they do
not suffer from lighting problems. When interacting with these kind
of sensors, the input area is around the sensor itself and not over the
screen, hence the screen occlusion is greatly reduced.
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SideSight [42] placed infrared proximity sensors around the edges
of a mobile phone, capable of detecting the presence and position
of fingers in the adjacent regions. When the device is on a flat sur-
face, the user can carry out single and multi-touch gestures using
the space around the device. In modern smartphones, usually only
one proximity sensor is available, and it is positioned on the upper
part of the device. This particular ADI approach use extra proximity
sensors placed around the device, no smartphones available on the
market have a high number of these sensors, and even if they did, the
odds of them positioned in the same spots used in SideSight are very
high. Our situation is drastically different, in fact the vast majority of
current smartphones already embeds a magnetometer, so using the
magnetometers-based ADI does not require any extra sensor.
The additional hardware for some ADI approaches is not easy to
find and may require specific knowledge to be correctly installed
and/or used, for example vibro-acoustic piezo sensors [43], frequency-
modulated electromagnets [44], and tiny projectors integrated into
mobile devices [45]. In order to use the magnetometer, the only addi-
tional hardware is a permanent magnet, that does not need installa-
tion, so everyone can use it without any particular knowledge.
Three-axis magnetic sensors are often employed to determine orien-
tation relative to the Earth’s magnetic field. To appropriate these sen-
sors for use as input devices, we simply override the Earth’s magnetic
field with a permanent magnet. The choice of using magnets and
magnetic sensors allows us to reach a relatively big share of the pop-
ulation; magnetometers are more popular than ever on smartphones,
and magnets can be found at a low cost and without struggles in ev-
ery hardware store.
There are other several properties that make this approach quite
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interesting; magnets produce a magnetic field without the need of
batteries or external electrical power, this make them robust to liquid
damages. Depending on their strength, magnets can be used wire-
lessly at a distance of tens of centimetres. The magnetic field can be
sensed through different materials, so the interaction does not require
the user to actually see the smartphone. Magnets do not degrade over
time, in particular neodymium magnets will likely lose less than 1%
of their flux density over 100 years [46]. No change in the hardware
specification of smartphones is required. Together with a carefully
designed user interface, screen occlusion is extremely reduced, as the
fingers do not need to operate directly on the display surface.
All these motivations led us to explore how magnets affect the mag-
netometer readings. We test a number of possible ways of interacting
with the smartphone through the magnetic sensor, in order to under-
stand some feasible benefits of this approach. We focus on creating a
natural and efficient interaction style, trying to improve the common
tap-screen actions. A key part of the work was to comprehend the real
limits we cannot overcame and the ones we may be able to bypass.
4.2 Hardware
We focused on an ADI approach that use magnetic sensors found
in currently available smartphones and magnets, so it is likely that
most users already own the required hardware. Magnets can be eas-
ily bought in any store and often found on refrigerators door. The
only requirement is that the magnetic field generated by the chosen
magnet is strong enough to override Earth’s magnetic field, being
careful to avoid saturation of the magnetometer. In this scenario we
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can consider the Earth’s magnetic field to be negligible with respect to
the magnet. Any smartphone that has a magnetic sensor can be used;
of course, accuracy will be different depending on the particular one
used. A variety of magnetic sensing approaches are being used by
a number of phone manufacturers, and even though most types of
compass sensors use the same approach, the results may vary. Usu-
ally, the discriminating factor for getting an accurate sensor is the
price users are willing to pay. The higher the price, the more accurate
the magnetometers should be. Even with this diversity of sensors, a
magnetometer that can sense ±600mT can be employed with good
results.
We used a set of neodymium magnets of different shapes and stren
gths: two disk-shaped neodymium magnets approximately 10x1mm
and 15x2mm in diameter and height respectively; one rectangular-
shaped neodymium magnet approximately 10x2mm; and two cylindr
ical-shaped neodymium magnets approximately 4x15mm and 7x10mm
in diameter and height respectively. Even if different in shapes, the
magnetic field different magnets generate may be sensed almost in the
same way by the magnetometer; so if an application requires magnets
generating different magnetic fields, the choice of which ones to use,
should be made carefully.
Figure 4.1: Magnets of different shapes and strengths used in the proof of
concept.
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The smartphone used is a Samsung Galaxy S3 I9300 running a cus-
tomised version of Android Lollipop 5.0.2, known as CyanogenMod
12. Embedded on the phone there is a AK8975C three-axis electronic
compass [47], a silicon monolithic high sensitive Hall-effect magnetic
sensor with a measurement range of ±1200µT. The magnetic sensor
is located at the bottom right corner, while usually in most phones is
located near the top [25].
4.2.1 Input Area
The input area is a three-dimensional space around the smartphone’s
magnetometer, every time a magnet is moved in this area, we are
able to detect changes in the magnetic field readings; thus, it is very
important to know its dimension. Different magnets create different
magnetic fields, this leads to different dimensions of the input area
since the stronger the field is, the more the sensor readings are af-
fected at a longer distance. It is possible to estimate the dimension of
the area by using formulas describing the properties of the magnetic
field generated by a magnet, what we obtain is a generic approxima-
tion that does not take into account the actual device we are using.
We want to find out the dimension of the input area yielded by
the different magnets in the previously described set when sensed by
the magnetometer of a Samsung Galaxy S3. We recorded the magni-
tude of the magnetic field sensed, together with the distance of the
magnet from the magnetic sensor, we collected data as long as the
sensor status accuracy was high. We only reported the plotted data
for the 7x10mm cylindrical-shaped and 10x2mm rectangular-shaped
neodymium magnets, as representative for a strong and a weak mag-
net, respectively. Given the distance from the magnetometer, the in-
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Figure 4.2: Meaningful compass readings for strong magnets can be seen as
long as the distance from the magnetometer is below 150mm.
Figure 4.3: Meaningful compass readings for weak magnets can be seen as
long as the distance from the magnetometer is below 120mm.
put area along any given direction can be obtained by the formula
area = pidistance2. Without any magnet being close to the sensor, we
stored the value of the magnetic field sensed, which was 36.25µT and
40.57µT for the stronger and weaker magnets, respectively; this is can
be seen as the noise sensed by the magnetometer. Figure 4.2 shows
the magnitude of the magnetic field sensed when a strong magnet
gets farther away from the magnetometer, after 150mm we can see
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that the readings are clustered around 35/40µT, and so cannot be
used to find any meaningful pattern since the values are similar to
the noise. The same can be sad for figure 4.3 with the difference that
the distance is 120mm and the values are clustered around 40µT. In
this case, the greatest input area we can achieve, yielded by the strong
magnet, is a circular one of roughly 700cm2.
4.2.2 Sensor delay
As mentioned in 2.3.1, when we register a listener to receive data from
a sensor we need to specify the delay for that listener. It is possible to
specify a delay in microseconds or use one the four Android system-
defined constants, which are:
• SENSOR DELAY NORMAL (200,000 microseconds)
The default rate, suitable for screen orientation changes.
• SENSOR DELAY UI (60,000 microsecond)
A rate appropriate for basic user interface interaction.
• SENSOR DELAY GAME (20,000 microsecond)
A high rate that many games would find sufficient.
• SENSOR DELAY FASTEST (0 microsecond)
The fastest rate the system can manage.
The values in microseconds of the constants specified in the above
list were taken from the Android documentation. Direct inspection of
the Android source code (version Lollipop 5.0.2) reveals that the value
in microseconds, associated with the Android-defined constants, used
by the operating system are slightly different from what is docu-
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mented. The private function that performs the constant-microseconds
conversion is android.hardware.SensorManager.getDelay(int
rate) and can be seen in Listing 4.1. We can notice there is a differ-
ence for the SENSOR DELAY UI microseconds value. It could be that
the documentation is not up-to-date, or maybe only some versions of
Android have a different value of this constant.
Listing 4.1: getDelay(int) on Android Lollipop 5.0.2
private static int getDelay(int rate) {
int delay = -1;
switch (rate) {
case SENSOR_DELAY_FASTEST:
delay = 0;
break;
case SENSOR_DELAY_GAME:
delay = 20000;
break;
case SENSOR_DELAY_UI:
delay = 66667;
break;
case SENSOR_DELAY_NORMAL:
delay = 200000;
break;
default:
delay = rate;
break;
}
return delay;
}
Both the Android delay constants and the user defined delays are
suggested ones, i.e. data from the sensor may be received at a differ-
ent rate. When programmers create a sensor-based application, they
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Figure 4.4: Timestamp delay for SENSOR DELAY NORMAL.
should specify the highest delay possible that still meets the appli-
cation requirements. The Android system delivers data with a lower
rate than the specified one whenever possible, so when we specify
a higher one, we impose a lower load on the processor. We are in-
terested in knowing the performance of our system with regard to
the time needed to receive two successive values from the magnetic
sensor. We measured two delays: timestamp delay, and between-
calls delay. The timestamp delay is computed using the Sensor
.timestamp field, which is the time the magnetometer sensed a
new value. The between-calls delay is computed by taking the time
at which the onSensorchanged method was actually called by the
SensorManager. We analysed the behaviour over 500 events, plot-
ted the results for all the possible Android defined constants, and
computed some useful information for each of them (table 4.2).
The graphs about the different sampling rates are not smooth, this
means that the time needed to receive a new result is not constant
even though most of the times the values are quite close to one an-
other. It is interesting to better display the time past between the
sensor reading new data and the Android application receiving it.
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Figure 4.5: Between-calls delay for SENSOR DELAY NORMAL.
Figure 4.6: Timestamp delay for SENSOR DELAY UI.
Figure 4.7: Between-calls delay for SENSOR DELAY UI.
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Figure 4.8: Timestamp delay for SENSOR DELAY GAME.
Figure 4.9: Between-calls delay for SENSOR DELAY GAME.
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Figure 4.10: Timestamp delay for SENSOR DELAY FASTEST.
Figure 4.11: Between-calls delay for SENSOR DELAY FASTEST.
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The table 4.1 shows the average time difference between the times-
tamp delays and the between-calls delays. The average values are not
higher than 1ms, this means that the new data read by the sensor is
sent very fast to the application requesting it. Notice the Game col-
umn, it has a maximum difference value of 20ms and it is the only one
not having the minimum value equals to 0, this can be because during
the recording of the values relative to SENSOR DELAY UI, some time
consuming background task was running on the device. From now
on we will only consider the timestamp delay (delay for brevity).
Delays difference Normal UI Game Fastest
Average value(ms) 0.58 0.49 0.48 0.41
Maximum value (ms) 5.47 4.75 20.04 4.16
Minimum value (ms) 0.00 0.00 0.05 0.00
Table 4.1: Average, maximun, and minimun values of the difference between
the timestamp delays and the between-calls delays.
If we compare the non-zero values of the specified delay against the
average delay in table 4.2, we notice that the difference is no more than
2ms, so it seems that the Android system did a good job in delivering
new data from the sensor to the application. As we said before, the
system tries its best to deliver new data below the specified delay,
but in our case the percentage of values delivered before the specified
delay is low, so it seems the specified delay was indeed a suggested
delay; if we do the same with the average value, the percentage is high
instead. When we compute the difference in percentage, we find out
that roughly 60% of the data is delivered above the specified delay but
below the average value, and since the delay and the average differs
of more ore less 2ms, the system delivered most of the data with at a
reasonably small delay.
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Timestamp delay Normal UI Game Fastest
Specified delay (ms) 200 66.67 20 0
Average value (ms) 202.23 68.10 20.61 10.46
Values below the delay (%) 36.2 29.4 19.6 –
Values below the average (%) 95.8 91.8 82.4 64.4
Percentage difference (%) 60 62.4 62.8 64.4
Maximum value (ms) 403.51 135.32 44.94 41.04
Minimum value (ms) 192.22 63.30 9.36 8.23
Standard deviation (ms) 20.04 8.96 3.12 2.03
Table 4.2: Characterisation of the different Android defined delays on the
Samsung Galaxy S3.
There are a number of reasons why the Android system fails in
delivering the new data produced by the sensor. One of the most
common reasons is the garbage collector; depending on how the ap-
plication using the sensor is coded and what other applications are
running in background, the garbage collector may have to claim mem-
ory occupied by objects that are no longer in use quite often. Another
reason for getting a sensor reading delayed may be the scheduling
process, the application requesting the data may have a lower priority
than other currently running, so even if new data is available has to
wait for its turn. A third reason may lie in the length of the queues
relative to the event dispatcher, maybe there are too many elements
in the queue and the event we need to receive is delayed because of
this.
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4.3 Noise reduction
Sensors do not measure values perfectly, they can often produce in-
correct data due to measurement errors. There are two main types or
measurement errors. Systematic error, in which every measurement
differs from the correct value by a fixed amount; in some cases the
error can be removed by subtracting this fixed amount from every
reading, or by performing calibration. Random error, in which the
error in measurement is caused by several factors, it varies unpre-
dictably from one measurement to another. The latter type of error is
often called noise, by analogy to the acoustic noise. One of the fun-
damental problems in signal measurement is distinguishing the noise
from the signal. The signal is the important part of the data that we
want to measure [48].
Our goal is to manipulate the sensor readings of the magnetic field
in order to get values as close as possible to be noise-free. A type
of noise we should consider is the background noise; it is caused by
the Earth’s magnetic field and by fields generated by nearby electrical
equipment and other magnets. These other fields modify the output
of the magnetic sensor. We can simply ignore the background noise
if the other fields are negligible with respect to our magnet’s mag-
netic field, which is usually the case. Other type of noises can be also
categorized (brown noise, white noise, and so on) and statistically
quantified, fortunately when programming in Android it is not nec-
essary to do so. In order to have more steady and meaningful values
we must select a suitable filter to use; the choice will be guided by the
requested output. A filter is a process that removes some unwanted
component or feature from a signal. We focus on two common classes
of linear filters: low-pass filters, where low frequencies are passed
54
4 DESIGN AND IMPLEMENTATION
while high frequencies are attenuated; and high-pass filters, where
high frequencies are passed while low frequencies are attenuated [25].
Depending on the application and the type of interaction needed, one
choice or the other may lead to better performance.
Figure 4.12: Raw values of a magnet moved close to the sensor.
4.3.1 Low-pass filter
Low-pass filters have a smoothing effect on data, letting only the slowly
varying changes pass. When we move a magnet and consequently
modify the magnetic field around the device, we would like to cut off
all the sudden changes in the values of the magnetic field sensed by
the magnetometer. There are several ways of implementing such filter,
we choose a SMA (simple moving average) implementation with a
circular buffer to manage the values of the magnetic field along the
three axes. This technique is also known as rolling average or running
average. It exploits the fact that if a measurement is made many times,
the signal part will tend to accumulate but the noise will be irregular
and tend to cancel itself [49]. SMA finds the arithmetic mean of the
most recent k values received by the sensor; the parameter k is called
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averaging window. When the algorithm is first run, it needs k values
to compute the average; it is possible to wait for k values and then
compute the average or after receiving the first value, the remaining
k-1 can be chosen arbitrary (for example 0 or equal to the first value
received). When the k+1th value is received, the oldest one is dropped
and the average is computed with the remaining k values [25].
Listing 4.2: Key methods when implementing a SMA along one axis
float getAverage(float newValue){
float oldestValue = circularBuffer[
indexOfTheOldestElement];
float newAverage = average +
(newValue - oldestValue) / circularBuffer.size;
circularBuffer[indexOfTheOldestElement] = newValue;
average = newAverage;
indexOfTheOldestElement = getNextElementToRemoveIndex();
return average;
}
// It simply returns the index of the next element
// according to the circular buffer policy
int getNextElementToRemoveIndex(){
int indexOfTheNextElementToRemove;
if (currentIndex + 1 >= circularBuffer.size)
indexOfTheNextElementToRemove = 0;
else
indexOfTheNextElementToRemove = currentIndex + 1;
return indexOfTheNextElementToRemove;
}
The key variable of this approach is the size of the averaging win-
dow. If we choose a quite small one, the readings may instantly reflect
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Figure 4.13: Low-pass filtered values of the ones in Figure 4.12.
the changes of the magnetic field but they would still be ”jumpy”
because there were not enough values for the noise to cancel itself.
On the other hand, with a large k the readings would be steady but
changes in the magnetic field may take too much time to be seen
by the magnetometer and the overall experience may feel inaccu-
rate. Choosing the window size involves a tradeoff, during our ex-
periments we found out that a window size of 10 leads to a quite
responsive a less jumpy experience.
4.3.2 High-pass filter
High-pass filters, as the name suggests, are the opposite of low-pass
ones. They de-emphasise the static or slowly varying background
and emphasise the higher frequencies [25]. Therefore, if we use a
high-pass filter we are interested in knowing when the magnetic field
changes suddenly, possibly because of a magnet moved rapidly or the
switching of the magnetic pole facing the sensor.
The simplest way to implement high-pass filters is to apply a low-
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Figure 4.14: High-pass filtered values of the ones in Figure 4.12.
pass filter to the raw values and then subtract the low-pass filtered
values from the raw data. This approach returns the correct result
because we are subtracting slow magnetic field changes, i.e. the low-
passed filter value, from the raw unprocessed values, therefore only
the fast changes are left. Notice that, in order to better display the
effect of the high-pass filter on the raw data, the range of the scale for
the magnetic field axis of picture 4.14 is different from the one used
in pictures 4.12 and 4.13.
4.4 Limitations
Before investigating the set of possible interactions, we should un-
derstand what we can achieve with this approach by analysing the
drawbacks of using magnets, and what it is physically impossible
given our hardware setup.
A good starting point is the research mentioned in Section 3.4; it
states that if we use the readings gathered from only one magnetic
sensor, it is physically impossible to find the position of an uncon-
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strained magnet in space. A detailed explanation can be found in [31]
and [32]. There is a simplistic way of seeing why it is impossible to
do so. We can approximate a generic magnet as a magnetic dipole
(2.1.3) and discuss the problem using the vectorial equation 4.1 de-
scribing the magnetic field generate by a dipole. A magnetic sensor
in Android returns the strength of the magnetic field along the axes
of its coordinate system, we can assume to have both the strength and
the direction of the magnetic field, hence the B-field vectorial variable,
that is on the left-side of the equation, is a completely known variable.
B(r) =
µ0
4pi
(
3r(m · r)
r5
− m
r3
)
(4.1)
Knowing only the values of the B-field, we would like to find the
position of the magnet in space. In the equation 4.1, the position
corresponds to the variable r, i.e. the distance between the magne-
tometer, the point in which the magnetic field is measured, and the
magnet, the source of the magnetic field. To solve the equation 4.1
and find r we need to find the unknowns in the right-hand side of the
equation, that is magnitude and direction of the magnetic moment m,
all the other values are constant. Unfortunately this is not an infor-
mation we can derive from the values of the B-field only. In mathe-
matics, this system of equations is considered underdetermined since
there are fewer equations than unknowns. The only way to solve the
system is to keep some of the unknowns constant, either the distance
or the magnetic moment; if we keep the distance r constant, knowing
also the B-field, we can compute the value of the magnetic moment
m, and vice versa.
There are some drawbacks when using magnets in everyday life. If
we want to interact with our smartphone using the magnetic sensor
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as input we need an actual magnet, i.e. we need an additional object
to bring with us every day, and even if it can be embedded in rings
or bracelets we need to remember to wear them in order to use it. If a
magnet is kept too close to the compass sensor of a smartphone, cali-
brating the device becomes a very frequent action to perform. Finally,
magnets can damage credit cards, access badges or any other object
that has a magnetic stripe. The reason of the damage is demagnetisa-
tion, that occurs when the magnetic stripe becomes corrupted. What
can damage credit cards and similar objects is not a magnet strength
but how long they are exposed to the magnet’s magnetic field [50].
4.5 Interaction
The magnetic field around the device is influenced by many factors,
we use magnets to alter it. The magnetic field varies accordingly to
some properties or statuses of a magnet. For example, the strength
of a magnet, which magnetic pole faces the sensor, the position of
a magnet with respect to the sensor, the speed of a moving magnet,
and so on. The alterations of the magnetic field around the device
are mirrored by the magnetometer readings. To interact with a mo-
bile device using magnetic fields, we look for a connection between
the magnetic sensor readings measured when we alter the magnetic
field nearby the sensor, and what caused those alterations. The read-
ings do not have to be necessarily raw, before finding the connection
we can apply various filters or choose a more helpful coordinate sys-
tem. For instance, we flip a magnet and we notice how the readings
are affected, if we notice a repeating pattern every time a magnet is
flipped, we can associate an action to be performed as a response to
the flipping. If we cannot find a pattern, we may try to use a different
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coordinates system or a different filter.
Using the concepts explained in previous works and discussed in
Chapter 3, we want to find a set of possible interactions that allows us
to use the smartphone in an expressive and natural way. The set we
are looking for has to be rather small yet powerful enough to let pro-
grammers create a wide variety of clever applications that can be used
in many different scenarios. We developed an Android application as
proof of concept, it contains as many activities as the the number of in-
put types explained later. We aim to simplify and extend some of the
concepts mentioned in Chapter 3, so that writing an application that
uses the magnetic sensor as input device is easier and almost straight-
forward. The full ready-to-use Android application can be found at
http://github.com/Luk3s/Magneto together with a third-party
library, created during the development of the proof of concept. In
almost all the activities of the application we used a low-pass filter,
nevertheless the readings are not perfectly steady. Small variations
of the values are still noticeable because: current magnetic sensors
are noise prone (2.3.4); the chosen value for the window of the SMA
has to reflect changes of the magnetic field relatively fast; and local
magnetic fields, different from the one generated by our magnet, and
Earth’s magnetic field, slightly affect the readings.
Magnetometers on Android smartphones use the device coordinate
system (2.3.3). It is important to understand the correlation between
the coordinates and the magnetic readings affected by a magnet. Con-
sidering the device coordinates only, we know that the first octant is
on the right-hand side of the smartphone, above the home button, in
front of the screen, and corresponds to positive values of x, y, and z.
We also know that the magnetometer senses the cumulative strength
of the magnetic field, and we have this information as the strengths
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along the three axes. If we get three positive strengths, it does not
mean that the magnet is in the first octant. It only means that the field,
sensed in the particular point where the magnetic sensor is placed, is
characterised by those strength values. There are some situation in
which three positive values of the strength mean that the magnet is in
the first octant, this usually happens when the magnet is quite power-
ful, close to the sensor, has a particular shape, is positioned with the
right pole facing the sensor, and we subtract from the readings the
value of the Earth’s magnetic field strength.
Figure 4.15: Cartesian coordinate system. Each color shows a different oc-
tant.
To simplify the overall code, we implemented an Android frag-
ment to deliver the magnetic field readings. The main method of the
fragment callback interface has three parameters: the raw values, the
low-pass filtered values, and the low-pass filtered values rounded to
two decimal places; for most of the activities the rounded values will
be precise enough to ensure a successful experience. The chosen rate
at which data is received is SENSOR DELAY GAME, a rate suitable for
games; it matches our demand for a responsive application, i.e. val-
ues have to be fired at a rate that permits to quickly take actions as
the magnet field changes.
The compass sensor gives the ambient magnetic field along the
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three axes. It is convenient to show the same data in different forms,
by computing the magnitude and the cylindrical coordinates.
Magnitude, also known as Euclidean norm, is a function that as-
signs a strictly positive length to a vector; we can consider the read-
ings as the components of the vector describing the magnetic field
generated by the magnet only, so when the magnitude assumes low
values, it is reasonable to assume the magnet is getting farther from
the smartphone, and vice versa. Let v = (x, y, z) be the vector de-
scribing the field, the magnitude is captured by the formula ‖v‖ =√
x2 + y2 + z2, it is also possible to compute the magnitude on a plane
instead of space by using only two components instead of three.
Figure 4.16: Cylindrical coordinate system.
A cylindrical coordinate system is an alternative three-dimensional
coordinate system to describe a point in space. It is an extension of
the two-dimensional polar coordinates to three dimensions. Polar co-
ordinates describe a point (ρ, φ) in the plane. The polar coordinate ρ,
called radial distance, is the distance of the point from the origin. The
polar coordinate φ, called azimuth, is the angle between the x-axis
and the line segment from the origin to the point. A point in cylin-
drical coordinates is identified by (ρ, φ, z), the z coordinate is called
height. Polar coordinates can locate a point in a cross-section parallel
to the bases of a cylinder, the z coordinate marks the height of this
cross-section, identifying a three-dimensional point. The following
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formulas are used to convert the values describing a point in Carte-
sian coordinates to an equivalent point in cylindrical coordinates [51]:
ρ =
√
x2 + y2
φ = arctang(y/x)
z = z
(4.2)
While computing ρ, depending on the preferred range of the angle
and the values of x and y, different formulas have to be used. For-
tunately, when programming in Android, in order to have a correct
angle in the range [−pi,pi] we can use the java.lang.Math.atan
2(double y,double x) function, where x and y are the Cartesian
coordinates along the x- and y-axis.
4.5.1 Identification
Usually, different magnets generate different magnetic fields, it is eas-
ier to notice it when looking at their magnitudes. What we would like
to do is identifying which magnet of our set has been placed close to
the smartphone, only by looking at the magnetic sensor readings. To
identify a magnet we compare a previously stored magnitude value
with the one currently sensed, so a calibration phase is necessary.
It is important to remember that the smartphone shows the magnetic
field values sensed in the point the magnetometer is embedded on the
phone. This means that when the same magnet is placed in different
positions, the magnetic field readings returned by the sensor are dif-
ferent because magnetic field decays with distance, even thought the
magnet generates the same magnetic field regardless of its position. It
can also happen that two magnets, which generate different magnetic
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fields, may be recognised as the same one when placed in particu-
lar positions, i.e. positions in which the sensor displays similar field
readings. In order to avoid situations like these, we need to keep both
the smarpthone and the magnet we want to recognise in the same
positions during the activity, so that their distance is constant.
To run the identification activity, users choose a fixed position for
the smartphone and the magnets, the latter has to be close enough
to the magnetometer to be correctly sensed but not too close, other-
wise the accuracy of the sensor may be affected or saturation occur.
Then, for the calibration phase, users place, one by one, the mag-
nets in the designated position and store the various magnetic fields
sensed. Once all the values have been stored, when users place one
of the magnets in the chosen position, the smartphone recognises the
particular magnet and performs the predefined action connected to
it.
Figure 4.17: Different magnets recognised by the identification activity.
A stored magnitude is the sum of the Earth’s magnetic field and the
magnet’s magnetic field sensed in the point the magnetic sensor is. So
if either the device or the magnet is moved, the value stored cannot be
matched any more because the overall magnetic field sensed would
be different. The same is true if both the smartphone and the magnet
are moved while keeping the distance between them constant, since
the Earth’s magnetic field would be different. It is possible to modify
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the calibration phase to allow recognition of the system smartphone-
magnet kept at the same distance in different places. We store the
magnitude of the Earth’s magnetic field sensed when no magnets are
close to the sensor. Then, when we store the magnitudes of the differ-
ent magnets; the stored values is the one obtained by subtracting from
the sensed value the magnitude of the Earth’s magnetic field. Every
time we compare a magnitude to a stored one, we need to subtract the
value of the magnetic field from the value obtained by the sensor. At
this point when we move the system smartphone-magnet while keep-
ing their distance constant, we only need to update the magnitude of
the Earth’s magnetic field for the activity to work properly.
As stated earlier, the sensor readings are not steady and the mag-
nitude we compute from the readings can be slightly different from
the one stored during the calibration phase. To avoid this problem a
threshold value can be chosen in order to create a range of values to
match a stored magnitude value; from the different usage of this activ-
ity with the previously described hardware, we found out that values
from 1.50 to 2.50 are an acceptable choice. It can happen that different
magnets generate similar magnetic fields, we avoid this situation by
carefully choosing the set of magnets to be used for the identification
activity, so that they generate substantially different fields.
4.5.2 Position
As explained in 4.5.1, the same magnet in different positions leads to
different magnetic sensor readings. We would like to recognise when
the magnet is in one of these positions and perform different actions
depending on the position. We could distinguish the positions by
using the magnitude seen by the sensor when the magnet is in those
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positions, similarly as we did in the identification activity. A possible
downside of this approach is that the same magnet even if put in
different positions may display equal magnitude values. Suppose that
the magnetic sensor is the origin point of a Cartesian space. The
magnitudes of the magnetic field sensed by the magnetometer in two
symmetrical points in space or on a plane may be the same, they
can be different depending on the shape of the magnet’s magnetic
field and which pole faces the sensor. In order to recognise more
unique positions we decided to store and then compare the values of
the magnetic field strength along the three axes. A threshold value
is needed, we decided to let it be adjustable in real time since the
jumpiness of the strength of the magnetic field is less predictable if
compared with the magnitude.
Figure 4.18: States of the switch recognised by the position activity. While
switching from ON to OFF, neither of the states is being recog-
nised.
To run the position activity users choose a fixed position for the
smartphone and several fixed positions for the magnet. A calibration
phase is still necessary, users store the magnetic field strength along
the axes in the different positions. After the calibration, when the
magnet is put in one of the chosen positions, the smartphone recog-
nises it and executes a predefined action. In our proof of concept,
we embedded a small disk-shaped neodymium magnet in a common
on/off switch, creating a tangible interface (as suggested in 3.6). The
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calibration can also be modified as explained in 4.5.1, to allow the
system smartphone-switch to be moved in different places.
4.5.3 Linear motion
We want to associate the execution of predefined actions to the mo-
tion of a magnet along a straight line as suggested in 3.6 and 3.7; like
increasing or decreasing the volume of music played on the smart-
phone depending on the position of a magnet on a slider. This can be
implemented by storing the strength of the magnetic field at different
positions along the line, and using a nearest neighbour algorithm to
distinguish the various positions. Even though this approach works,
it only provides a limited number of positions, the ones stored dur-
ing calibration. We want to explore other solutions that do not require
such a slow calibration phase and allow continuous input.
The precise correlation between the position of the magnet and the
values of the magnetic field seen by the sensor, can be described by
hard-to-solve equations. In order to find a good approximation, we
placed the slider in different positions with respect to a still phone,
and analysed the readings produced by a moving magnet mounted
on the slider. We decided to focus on the research of a function that
describes a one-to-one correspondence between magnetic field read-
Figure 4.19: Slider placed in different positions around the smartphone.
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ings and positions; to simplify the process we restricted the research
to a function connecting a one-dimensional magnitude value to a one-
dimensional point along a line.
Table 4.3 shows the recorded correspondence between the position
of the magnet on the slider and the magnitude sensed by the mag-
netic sensor when the magnet was in those particular positions. The
position of the magnet on the slider is represented as a number in the
range [0,1], where 0 is one end of the slider, 1 is the other end, and all
the other values between them are internal positions; for example if
the position is 0.5, it means the magnet is in the middle of the slider.
We recorded the magnitude of the magnetic field when the magnet
was in nine different equidistant points on the slider. We placed the
slider in three different areas, shown in figure 4.19, and recorded the
nine values of the magnitude in each position. We repeated the test
for the same position of the slider multiple times in different loca-
tions; for example in position (a) when being close to metal objects
or far from electric powered ones. The function we are looking for
should associate a given magnitude to the position of the magnet on
the slider.
The recorded values strongly differ depending on the position of
the slider. When the slider is in position (c), the values constantly
increase or decrease; when in position (b), they increase roughly until
the middle of slider and then decrease; while in position (a), the values
are too similar to each other to notice any kind of pattern.
If we use all the recorded values, we can adopt a linear regres-
sion approach [36] and get the nine position perfectly and the ones
in between approximately. We can achieve continuous input but the
problem of a slow calibration is still present. We can discard tests (a).1
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Magnet position 0 0.12 0.24 0.36 0.48 0.6 0.72 0.84 1
on the slider
Slider in position (a)
Test (a).1 65.93 68.62 76.45 78.35 79.96 77.56 73.76 75.21 76.32
Test (a).2 53.11 52.18 53.37 55.77 45.93 34.97 32.09 30.54 33.37
Slider in position (b)
Test (b).1 66.81 74.15 82.80 94.96 91.50 73.71 61.83 54.88 53.23
Test (b).2 82.46 97.12 113.39 130.57 132.79 122.37 103.82 88.78 79.41
Test (b).3 34.25 23.62 45.47 62.86 74.92 71.17 62.06 56.36 48.73
Slider in position (c)
Test (c).1 204.75 180.33 151.33 121.57 100.07 83.11 69.38 55.13 46.59
Test (c).2 44.56 48.30 56.19 61.91 67.01 80.63 89.68 94.95 116.42
Table 4.3: Correspondence between the position of the magnet on the slider
and the magnitude sensed by the magnetic sensor.
and (a).2, and thus discarding the position of the slider they refer to,
because there is no evident patter.
In the remaining tests, all the values seem to behave in a linear(ish)
way from the initial to the middle point, and then from the middle
to the final point. We can achieve a quicker calibration by storing the
magnetic field values in three points; the initial, the middle, and the
final one. To achieve continuous input we may think to apply two lin-
ear functions of the form y=ax+b, where y is the position and x the
magnitude, and check the approximation error. The problem with
this approach is that we have two linear functions, one describing the
first half of the slider and one describing the second half, and we need
to know in every instant which one to apply. We cannot use the cur-
rent magnitude value to decide on which side of slider the magnet is
located because, starting from the middle of the slider, the magnitude
values decrease in both directions. Similar magnitude values can be
found on both sides, thus they cannot be used to choose the right
function.
A third option is to store only the initial and final points, and apply
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only one linear function to the magnitudes. We have to discard tests
referring to position (b), because they do not show an overall linear
behaviour. We can apply a linear function using the two-point form
linear equation 4.3, where y1 = 0, y2 = 1, x1 is the magnitude value
when the magnet is at the beginning of the slider, and x2 is the magni-
tude value when the magnet is at the end of the slider. This approach
has a fast calibration phase and allows continuous input.
y− y1 = y2 − y1x2 − x1 (x− x1) (4.3)
We computed the two-point linear equation for the tests (c).1 and
(c).2, and compared the results with the expected values. Tables 4.4
and 4.5 show the error approximation we observed.
Test (c).1
Magnitude 204.75 180.33 151.33 121.57 100.07 83.11 69.38 55.13 46.59
Expected position 0 0.12 0.24 0.36 0.48 0.6 0.72 0.84 1
Computed position 0 0.05 0.16 0.24 0.31 0.5 0.63 0.7 1
Absolute error 0 0.07 0.08 0.12 0.17 0.1 0.09 0.14 0
Relative error 0% 58% 33% 33% 35% 17% 13% 17% 0%
Table 4.4: Linear approximation error for the test (c).1 shown in table 4.3.
Test (c).2
Magnitude 44.56 48.30 56.19 61.91 67.01 80.63 89.68 94.95 116.42
Expected position 0 0.12 0.24 0.36 0.48 0.6 0.72 0.84 1
Computed position 0 0.15 0.34 0.53 0.66 0.77 0.86 0.95 1
Absolute error 0 0.03 0.1 0.17 0.18 0.17 0.14 0.11 0
Relative error 0% 25% 42% 47% 38% 28% 20% 13% 0%
Table 4.5: Linear approximation error for the test (c).2 shown in table 4.3.
The computed positions, even though not the same as the expected
ones, describe an almost linear motion. The approximation error in
these two examples is acceptable for most applications. The error
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can be sensibly higher depending on the strength of the magnet and
the distance of the slider from the sensor, but since the calibration
phase is fast, finding a better position does not require too much time.
During our analysis we discarded some tests, that is discarding some
possible position the slider can assume. When choosing a position,
the magnetic readings should differ from each other, so that the field
values at the initial and final points are fairly distant, and the middle
one is roughly half of the highest value, the closer to the sensor the
better, as long as it does not affect the accuracy of the sensor.
Figure 4.20: Slider placed in a correctly detected position, that is position (c)
of table 4.3.
The pictures in figure 4.19 are just example of different positions,
each of them is actually one element in a different set of possible po-
sitions as long as, using as reference the x- and y-axis of the device
coordinate system, the following holds: in position (b) the slider was
located in two different quadrants; in position (c) the slider was com-
pletely in one of the four quadrants, while in position (a) at least a
piece of the slider was outside the input area, so too far from the ori-
gin (the sensor) in order to get significant changes in the field.
We can modify the calibration phase as explained in 4.5.1 to move
the slider-smartphone system when their relative position is kept con-
stant. We need to be careful to place the slider at the exact same
distance from the phone, where it was before we moved the slider-
smartphone system.
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Even though we did not implement the following solution, we can
also recognise a linear motion correctly when the slider is in position
(b) by modifying the activity: we can use the magnetic field strength
along the axes instead of the magnitude. Unlike before, we have
enough information so that it is possible to use only one linear func-
tion, instead of the two needed for the same case when using the
magnitude. The new information we have is the sign of the strengths.
The strength values are similar to the magnitude values, i.e. they get
lower when the magnet gets far from the sensor, but they differ be-
cause of the sign, even though the absolute values of the strengths at
the ends of the slider may be similar, the actual values can be distin-
guished by looking at their signs.
The downside of this approach is that we may find problems in
choosing the right axis to consider, in fact the values do not decrease
and change sign along all the axes simultaneously in a linear way.
When the slider is in the exact same place showed for position (b) in
figure 4.19, the right axis to consider is usually the x-axis, because
of how the Android coordinate system is defined. Depending of the
actual position of the slider, the axis to consider may be different, and
we should get this information in some way during the calibration
phase.
Extra Test (b).4
Magnitude 98.55 110.78 126.29 137.62 143.57 141.76 134.01 121.63 95.45
Strength along x -55.8 -51.71 -43.13 -27.18 -6.23 18.2 35.5 48.47 56.56
Expected position 0 0.12 0.24 0.36 0.48 0.6 0.72 0.84 1
Computed position 0 0.04 0.11 0.26 0.44 0.66 0.81 0.93 1
Absolute error 0 0.09 0.13 0.10 0.04 0.06 0.09 0.09 0
Relative error 0% 75% 54% 28% 8% 10% 13% 10% 0%
Table 4.6: Linear approximation error for the test using the magnetic field
strength along the x-axis in position (b), instead of the mag-
nitude.
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Table 4.6 shows the approximation error when we consider the
strength along the x-axis of a slider placed in the position (b) shown
in the figure 4.19. The magnitude value is displayed in the table to
easily appreciate the benefits of using the strength when the slider is
in these types of positions.
4.5.4 Virtual tap
We can take advantage of magnets’ dipolar property. The sensor read-
ings change accordingly with which magnetic pole faces the sensor. It
may not be easy to identify a pattern in the readings alteration when
using Cartesian coordinates. The azimuth in cylindrical coordinates
helps in finding a pattern. Every time we flip a magnet, the mag-
netometer sees it as an instantaneous jump of 180 degrees, as men-
tioned in. The same can be observed when a magnet pass over the
sensor, for example when it is moved vertically from above to below
the device screen, and with similar actions that suddenly invert the
direction of the magnetic field. Hands are not always perfectly still,
and together with the non-steadiness of the readings, this could lead
to some changes in the azimuth value, so a threshold value may be
considered. A flip may be wrongly detected when the azimuth of the
initial position is close to 0 or 180, the boundaries of the azimuth pos-
sible values, in fact small variations are seen as instantaneous jumps
of 180 degrees. To solve this problem we can choose a different mag-
net or change the initial position.
A possible implementation, as mentioned in 3.1, consists in find-
ing a satisfying initial position, store the azimuth value of it, perform
a flip-like action with the magnet, when the new azimuth differs of
180±threshold degrees from the stored one, recognise a tap, wait for
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the azimuth to assume the initial value to start again. This approach
is quite efficient but requires the phone to be still and a calibration
phase. The solution implemented in the available code does not re-
quire a calibration phase and the device does not have to be still.
The circular azimuth range can be seen as the union of two ranges,
[−180, 0)∪ [0, 180], so an instantaneous jump of 180 degrees is a jump
from one range to the other. This behaviour can be described as a
change in sign of the azimuth, so the implementation is fairly simple.
It does not require calibration because there is no initial position, ev-
ery time there is change in sign we interpret is as a tap, the number
of false taps is higher than the previous solutions but depending on
the application this behaviour can be acceptable. It is also possible to
move the smartphone along with the magnet as long as the azimuth
do not drastically change, as a result of external magnetic fields.
Figure 4.21: Flip-like actions change the displayed picture.
4.5.5 Rapid movements
As explained in Section 4.3.2, a high-pass filter lets only the sudden
changes of the magnetic field pass. It shows values that quantify
how quickly the magnetic field changed in a limited amount of time.
The high-pass filtered magnetic field strengths along the axes of a
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still phone are very close to zero, this is because the magnetic field
around the device normally does not substantially change from two
successive moments in time. When a magnet is placed close to the
smartphone, the high-pass filtered values change, showing the alter-
ations caused by the magnet. If the magnet is then kept still in the
same position the values go back to being close to zero. There are
different ways of altering the magnetic field, for example we can flip
the magnet to drastically change the field or moving it quickly close
to the sensor. It should be noted that the closer a magnet gets to the
sensor the faster the high-pass filtered values change when the mag-
net is moved.
We can take advantage of this patter by defining a threshold value,
when the high-pass filtered values pass the threshold value we can
perform an action, like a virtual tap. As usual, to simplify the im-
plementation we can choose to work with the magnitude computed
from the high-pass filtered magnetic field strengths. In order to per-
form an action more than once, we should define an initial value. We
perform the action once, then we wait for the magnitude to go below
the initial value, once it does, we can check when the magnitude goes
beyond the threshold and perform the action again. Choosing the
initial and the threshold values carefully is crucial in order to have a
satisfying experience. It is important to understand that depending
on those values we can decide how fast an action can be performed,
for example closer values allow to have quick repetitions without that
the user needs to keep the magnet still for a long time. In our proof
of concept, we let the users decide the values in order to explore the
different ways this idea can be exploited. The calibration stage of this
way of interacting with the phone consists in choosing the most ap-
propriate initial and threshold values. Depending on the calibration
values and the type of application, the device has either to be still
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or can be moved, the user should take into account that moving the
smartphone may lead to a sudden change of the magnetic field.
Figure 4.22: Fast movements suddenly change the magnetic field. The cho-
sen values for the initial and the threshold are 5µT and 60µT,
respectively.
4.5.6 Radial position
This particular pattern is easy to spot when using cylindrical coordi-
nates. If we ignore the height, the radial distance and the azimuth
identify a point on circle. The magnetic sensor is the centre of the
circle, the radial distance is the radius, while the azimuth describes
a point that lies on the circle which represents the direction of the
magnetic field sensed. If we move the magnet close to the sensor, the
azimuth marks the position of our magnet on the circle, describing a
circular movement. We implemented an activity that displays a circle
and a point on it. No calibration is needed, the user needs only to
find the pole that matches the position displayed on the screen, if the
magnet is placed at 90 degrees but the point on the circle is at -90
degrees, the magnets needs to be flipped. The smartphone does not
need to be still as long as the distance between the magnet and the
phone does not drastically change.
It is possible to have a full 2D input if we take into account the field
strength, i.e. the radial distance. In previous activities we noticed how
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Figure 4.23: Position of the magnet in a two-dimensional plane centred
around the magnetic sensor (bottom-right corner of the smart-
phone).
the magnetic field strength decays with distance, so if we use the mag-
nitude of the magnetic field we have an idea of how close or far the
magnet is from the magnetometer. In order for this to work we need
a calibration phase and a still phone. During the calibration phase we
need to store two values: the magnitude of the magnetic field when
the magnet is far enough that it does not affect the readings; and the
magnitude of the magnetic field when the magnet affects the readings
the most, right above the sensor is a great position. They will be used
as maximum and minimum values in order to decide the values for
the radius of the circle.
4.5.7 Smartphone motion
So far we have discussed how moving a magnet close to the magne-
tometer can help us using the sensor as an input device. We should
consider that most of the ways of interacting are still relevant if we
reverse the roles of the smartphone and the magnet. For example, in
the slider activity we use the device as a slider and change how we
perform calibration. A magnet is kept in a fixed position, we create an
”imaginary” slider by moving the phone on a straight line, one end of
the line is the initial position while the other one is the final position,
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we place the smartphone in these two positions, store the values of
the magnetic field sensed, and the activity works in the same way we
explained in Section 4.5.3.
In some cases we can even use the mobile device without having
any magnet around the sensor. For example, in the rapid movement
activity 4.5.5 by choosing appropriate initial and threshold values we
can still perform a tap-like action. When the device is moved rapidly,
the high-pass filtered values of the magnetic field are affected since we
suddenly change the point where the magnetic field is being sensed.
This non-conventional ways of thinking about our system, opens up
new ways of interacting with a mobile device.
Figure 4.24: Smartphone used as a slider together with a non-moving mag-
net.
4.6 Possible applications
In the previous section we introduced a fairly small set of ways to
interact with a mobile device using magnets. We can consider them
as the basic building blocks for interacting with an application that
wants to use the magnetic sensor as an input device. We can build on
the explained ideas and create an engaging user experience. We listed
some possible applications and scenarios that can take advantage of
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magnets and magnetic sensors.
Google Cardboard
Virtual reality (VR) is becoming more and more popular. Google en-
tered the world of VR by developing a ridiculously cheap VR headset
called Google Cardboard, it uses a smartphone as its main screen and
it needs to be constantly held on your face. The main problem with
the Cardboard is the impossibility to touch the screen while using it,
hence interacting with the virtual world by using fingers is impossi-
ble. More expensive VR headsets can be worn on the head leaving
your hands free, so you can interact by using common game console
controllers. It is possible to support some controllers on Android too,
unfortunately you need two hands to use a controller and at least one
to hold the Cardboard. To interact with the Cardboard you can move
your head and select the option you are looking at, to perform a bi-
nary click you have to slide a small magnet installed on the side of
the Cardboard.
Figure 4.25: Google Cardboard [6] Figure 4.26: Sliding magnet [7]
In order to have a wider expressiveness we can use the radial po-
sition interaction method (4.5.6). A magnet can be held in one hand
and moved around the magnetic sensor while the other hand holds
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the Cardboard. We can use the Cardboard main interaction model to
perform a calibration, but if we do the head has to be kept still since
this type of interaction requires a still phone. If we avoid performing
a calibration, we can still use the positions on a ”imaginary” circle
around the sensor to quickly select elements on the screen, without
being forced to turn our head. It is also possible to perform a binary
click by using a high-pass filter (as explained in 4.5.5), we need to be
careful to move the magnet only along the straight line connecting the
magnet and the sensor, otherwise we change the selection made by
the user. The calibration can be performed before putting the smart-
phone in the Cardboard, because it only depends on the strength of
the magnet, its distance from the sensor and how the movements
change the magnetic field.
Waterproof cover
For those people who do not have a waterproof smartphone but still
want to take pictures and videos while swimming in the sea, wa-
terproof covers are definitely a must-have. There are different types
of covers, we consider the ones called underwater pouches or water-
proof phone bags. You need to put the device inside the bag and close
it using a particular lock system that seals the phone inside it. Some
models may even allow to remove the air inside the bag. On one side
of the bag, sometimes on both, there is a crystal clear window that
allows users to use the touch screen.
It is not always easy to interact with the device by using the touch
screen or by pressing the physical buttons. We may think of using a
magnetic ring or a magnet attached to a finger in order to interact with
the device. We can use the virtual tap interaction method explained
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Figure 4.27: Underwater pouch.
in Section 4.5.4. We can start the camera application when we are out-
side of the water and, perform a flip-like action every time we want to
take a picture; the picture will be actually taken after a threshold time
value has passed. The threshold is useful if we want to switch from
pictures taking to video recording. If we detect two flip-like actions
in an interval of time below the one defined by the threshold, we can
interpret it as a change in the activity the user wants to interact with.
Flip-like actions can obviously be used when recording a video, we
can start and stop the recording according to the flips.
Morse telegraph
We can create an application that uses an old fashion method to send
messages. A Morse telegraph can send letters, numbers and symbols
by using a standardized sequences of short and long signals called
”dots” and ”dashes”. We can create a magnetic driven telegraph by
embedding a magnet in an object that allows the magnet to be moved
in three different positions. We are able to recognise the position of
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a magnet by using the method explained in 4.5.2. We can distinguish
when the magnet is in two of the three possible positions, and asso-
ciate one with a ”dot” and the other one with a ”dash”. The third
position is important when we do not want to recognise neither a
”dot” nor a ”dash”.
Interactive kiosk
An interactive kiosk is a computer terminal featuring specialised
hardware and software designed within a public exhibit that provides
access to information and applications for communication, commerce,
entertainment, and education [52]. Nowadays most kiosks, instead of
featuring specialised hardware, make use of common tablet comput-
ers. This choice cut off the cost of installing kiosks and let owners fo-
cus only on the creation of specialised applications. People can freely
interact with tablet-based kiosks as they do with mobile devices. A
downside of this method of interaction is that the more people use the
kiosk the more damage they can cause. Even though tablet screens
can last a long time, an average use of hundreds different people a
day, surely shrinks its life-span.
What if users could interact with the device-based kiosk without
actually touching it? Most of the interactions described in this chapter
can help. The tablet can be enclosed in a strong plastic case, so people
would not be able to directly touch it, but can still interact with it in
different ways. Magnets generating different magnetic field strength
can be made available embedded in small cubes. These cubes could be
given to people entering a place to visit, like museums, or they could
be chained to a fixed desk close to the kiosk, so that they will not be
distractedly taken off. For example, we can use the identification of
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Figure 4.28: Tablet powered kiosk.
different magnets (4.5.1) to start different activities on a tablet. A cube
can be placed close to the tablet or on the transparent plastic panel
covering the screen; visual clues would be given to the users in order
to place the cube in the right spot, so that they can start the preferred
activity by choosing the appropriate cube to place in the specified
spot. A virtual tap (4.5.4) can be easily used to slide pages or browse
a set of images. Detecting the radial position (4.5.6) allows users to
have a 2D interaction with the tablet using pie style navigation menus.
Whenever a slide-like input is required, the method of Section 4.5.3
could be a great choice. In addition to protect the tablet screen, using
physical tokens may increase the user engagement with the different
activities.
One-tap games
Since we can simulate a tap without much effort (4.5.4), we can eas-
ily replace the input method used in most of the so popular one-tap
games. It is easy to see how this can improve the game experience.
For example the screen can be fully utilised without the finger cov-
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ering part of it during the game. We can also create more engaging
activities. An application called Touch Pianist [53] lets you play clas-
sical music on your mobile device, you can tap the screen to trigger
a musical event. A musical event is a predefined set of musical notes
having a predefined pitch and duration. If you can manage to get the
rhythm right, you will hear the original music being played. Again,
we can achieve the same result by using a virtual tap (4.5.4). We can
create a more difficult version of the game by let the user controls
either the pitch or the duration of the notes. We can use the method
explained in the rapid movements activity (4.5.5). When the high-pass
filtered magnitude goes beyond the threshold value, the next musi-
cal event is triggered. We can compute the difference between the
threshold value and the actual value sensed, and use this difference
to decide either the pitch or the duration of the notes in the musical
event. User should practice this method of input before being able
to use it correctly. They need to learn how the magnetic field can be
affected by the magnet movements, trying different movements and
checking the corresponding filtered magnitude value is a great way to
practice. In general, in order to cause great changes in the magnetic
field, users can perform flip-like actions very close to the sensor.
Image discovering
We can combine the radial position (4.5.6) with the inverse approach
(4.5.7). We fix a magnet in a chosen position and move the smart-
phone around it. The red dot on the circle in the activity created for
4.5.6, this time shows the position of the magnetometer of the de-
vice in a two-dimensional plane. When we calibrate the activity, the
stored values represent the case in which the phone is far from the
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magnet and the case when the phone is right above it. If we move
the smartphone in a two-dimensional plane, the application shows
the position of the phone with respect to the magnet. We can take ad-
vantage of this information in different ways. For example, we may
want to improve the user engagement with bus stop advertisements
and alike. These kind of ads may use magnets to give rewards to
users, like vouchers, or to show an alternative version of a portion of
the same ad. Users needs to install an application on their phone to
interact with the ad. Imagine an invisible picture centred on the mag-
net that can only be seen when hovering a smartphone around the
magnet. From 4.5.6, we know the position of the smartphone relative
to the magnet, so it would be easy to create the sensation of discover-
ing different pieces of an image while moving the device around the
magnet. The image could be a promotional code, or a different way
to see the same ad, or part of a treasure hunt. The GPS has to be used
to identify the different locations of the magnets in order to show the
correct image.
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Smartphone revolutionised our everyday life. Mobile devices are not
just simple phones any more. Thanks to the amount of features and
sensors embedded in them, many clever ADI ideas have been turned
to reality, and helped shaping how we currently interact with our com-
panion device. In this thesis, we have evaluated how magnetic sensors
can be exploited as input devices. We extended the limited litera-
ture about the topic in order to increase the understanding of how
magnets can be successfully employed to perform virtual actions on a
mobile device. In contrast with previous works we completely relied
on the properties of magnetism to recognise gestures; besides easy-
to-find magnets we did not need additional and expensive hardware,
and did not focus much on the creation of tangible controllers.
In order to better understand the topic, we reviewed, without any
ambition to be exhaustive, the basic notions of magnetism, with par-
ticular interest in the description of the magnetic field generated by
magnets. We let previous experiences in this research field guide our
path, and decided to focus on recognising patterns by analysing how
the magnetic field readings were affected by magnets moved nearby
the compass sensor. We analysed the peculiarities of the Android sen-
sor framework on the specific device used in the proof concept, like
the actual input area available for the magnetic input and the real sen-
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sor delays, which is crucial to know when programming applications
that fully rely on the compass sensor. We explained how noise in such
applications can be a crucial factor to consider, and implemented and
tuned some possible solution to this problem. In the course of our
testing, we discovered that, even though the Earth’s magnetic field
continuously affects the readings, the distance of the magnet from
the sensor, its magnetic field, and equivalent transformations of the
readings can help in overcoming such problem.
A critical point of this work was to carefully select a set of possible
interaction gestures; the most suitable ones were found by analysing
how each of them modified the magnetic field, and then looked for
the most meaningful recognisable patterns. After finding the core set
of gestures, we realised that some them needed a calibration phase
in order to work properly; this can be a downside considering that
smartphones are rarely still devices. A decision was made to focus
more on the gestures best suited for being used while the smartphone
is moving, which led to a heterogeneous set of possible interactions.
We are able to recognise the presence of different magnets on and
around the device in fixed positions, different positions of the same
magnet, and a continuous linear movement of a magnet; we found a
simple and easy way to replace the tap-the-screen gesture by flipping
a magnet, used the signal noise as proper input, and more impor-
tantly map the movement of a magnet in a 2D space. Lastly, we
discovered that a magnet is not always necessary to use the magne-
tometer as input device, and explored some possible usage of this
idea by taking advantage of the previously described gestures. Ev-
ery single gesture has been explained by starting from the recognised
pattern, to its possible implementation, we tried to guide the reader
to the solution without omitting any step.
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With the idea of helping to spread this new ADI input, we also
created a freely available third-party library [9] to help new program-
mers writing more engaging application. The library API makes
available to programmers all the different kinds of interaction ex-
plained, without them worrying about sensor programming. We con-
cluded the thesis by listing possible applications that could benefit
from this approach; this list helps to appreciate how easily different
gestures can be combined and how quickly an already existing ap-
plication can adopt this approach by using the available open-source
code.
Future Works
The work in this thesis could be a first step to inspire mobile applica-
tion programmers to make use of magnetic sensors as input devices.
We discussed the basic knowledge to understand how this approach
can help users interact with a mobile device, thus enhancing user ex-
perience. It is just the beginning of a number of possible successful
ideas. We chose a set of magnets and gestures, but they are not the
only suitable ones. Trying other gestures using a whole new, or even
partially, different set of magnets can lead to new ways of interact-
ing with the device. Manipulating the magnetic sensor readings or
applying different filters can also help in finding new patterns.
During our tests we only used one smartphone, it is worth explor-
ing the situation where more smartphones work together. For exam-
ple we may be able to identify the position of a magnet in space if
we use more than one magnetometer; the devices share their sensor
readings with one another via bluetooth or Wi-Fi, and then find the
exact position of the magnet. We can also think to explore the op-
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posite situation, i.e. one smartphone and a set of magnets around it.
Once the magnetic field strength of each magnet is stored, we may
try to compute the position of the smartphone in space by using the
cumulative sensor reading that is affected by all the magnets, which
can be seen as beacons.
Another interesting area to consider is combined input. All the dif-
ferent gestures cannot be a replacement for all the ways we are used
to interact with our phone. Magnetic input can surely help and im-
prove the classic interaction style. We may think to combine different
input methods to get an easier and more engaging experience. For
example we can combine the magnetic input with the tap-style input,
and add other sensory inputs as well, such as proximity sensor or
accelerometer. The choice has to be made carefully so that we take
advantage of the best usage for every input.
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